Background: Identification of a safe and effective medical therapy for abdominal aortic aneurysm (AAA) disease remains a significant unmet medical need. Recent small cohort studies indicate that metformin, the world's most commonly prescribed oral hypoglycemic agent, may limit AAA enlargement. We sought to validate these preliminary observations in a larger cohort.
The focus of abdominal aortic aneurysm (AAA) management is to prevent premature death from rupture. AAA rupture risk increases with increasing aortic diameter, and management guidelines recommend elective surgical intervention when diameter reaches or exceeds 5.5 cm in men and 5.0 cm in women. 1 Although the introduction of endovascular aneurysm repair has significantly reduced the risk for periprocedural morbidity and mortality, the identification and validation of effective medical therapies to suppress progression of early AAA disease remain a significant unmet medical need. 2 Unfortunately, even though most AAAs are identified at an early stage of the disease, no medical intervention, including aggressive attempts to modify conventional cardiovascular risk factors with statins, angiotensinconverting enzyme inhibitors, angiotensin II type 1 receptor blockers (ARBs), or beta blockers as well as with antiproteolytic, anti-inflammatory, antiangiogenic, or immune-modulating agents, has proved effective in limiting progressive diameter enlargement or eventual rupture. 3, 4 Two small cohort studies and one population-based study have associated metformin therapy with reduced rates of AAA progression and reduced AAA prevalence, respectively, in diabetic patients. [5] [6] [7] Validating this association in a larger population has proved challenging in that AAAs are less prevalent in diabetic patients, and few diabetics were included in previous AAA natural history studies (eg, 4.3% of AAA patients in the UK Small Aneurysm Trial [UKSAT]). 8 In the U.S. Department of Veterans Affairs (VA) Health System population of patients, approximately 25% of patients are diabetic. 9 Given the concurrent prevalence of cigarette smoking history and other cardiovascular disease risk factors, 10, 11 the VA population represents an ideal cohort in which to examine the relationship between diabetic medication prescription status and AAA disease progression. We queried the national VA data using the VA Informatics and Computing Infrastructure (VINCI) to evaluate the relationship between metformin prescription and AAA enlargement in a large, geographically diverse population of patients while controlling for other medications and relevant aneurysm-related demographic and environmental risk factors included in this data set.
METHODS
Approval for this project and wavier of informed consent were obtained from the Stanford University Institutional Review Board (Protocol 30669), the VA Research and Development Information System (AAL0002), and the Data Access Request Tracker (2016-03-167-D-A01).
Population of patients
Patients receiving care in the VA Health Care System between 2003 and 2013 with a diagnosis of AAA without rupture and diabetes (International Classification of Diseases, Ninth Revision codes 441.4 and 250.x, respectively) were identified and selected for review. Inclusion criteria included men and women with the diagnosis of diabetes made either before or up to 6 months after the diagnosis of AAA to maximize the duration of exposure to diabetic medications. Eligible patients also received two or more radiographic imaging studies mentioning the presence and size of an AAA, separated by at least 1 year (Fig 1) . The VINCI workspace was used to collect and query inpatient and outpatient records using Structured Query Language and SAS software (SAS Institute, Cary, NC).
Radiographic studies
Radiographic text records from January 2003 to December 2017 were queried according to Current Procedural Terminology codes (Supplementary Table I , online only). Eligible imaging studies included computed tomography (CT) scans of the abdomen and pelvis, with and without intravascular injection of contrast material, as well as abdominal ultrasound and magnetic resonance imaging (MRI) studies. The radiologic impression texts were then queried and included if the report contained "cm," "centimeter," "centimeters," "mm," "millimeter," or "millimeters."
AAA maximum diameter measurements Maximum aortic diameters were determined from radiographic reports as noted. Thoracoabdominal aneurysms, aortic dissections, and mycotic aneurysms were excluded from analysis. If two measurements were reported, the largest of the two was recorded (eg, "4.5 Â 4.8-cm AAA": 48 mm was recorded). If three measurements were reported, the largest of the first two measurements was recorded (eg, "4.5 Â 4.8 Â 6.5-cm AAA": 48 mm was recorded). If no measurements were found regarding AAA size or exact measurement of the AAA size was not reported (eg, "AAA size stable"), the radiographic imaging report was excluded. Radiographic scans that included mention of AAA repair (eg, graft, endovascular aneurysm repair, endoleak) were censored from analysis; however, growth rates in these patients were included if two or more radiographic measurements were available before repair. The radiographic report with the first documented AAA diameter was noted as baseline AAA size. Erroneous and outlier AAA diameter measurements (eg, $20-mm deviation from neighboring measurements, except at end measurements) were removed after investigating yearly AAA growth trends at an individual patient level. An AAA was determined to be present if the infrarenal aortic diameter was $29 mm at baseline. To increase the potential translational relevance of this review, a subcohort with baseline AAA diameter between 35 and 49 mm was also created.
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AAA growth rates
Model 1dMultivariate linear regression. To calculate yearly AAA growth rates, least squares linear regression was used to define the slope of AAA diameters over time between radiographic imaging studies. The first reported AAA diameter was noted as time zero, with subsequent radiographic examinations recorded in years from the initial examination. Baseline demographics, including, age, ethnicity, comorbidities, and medication use at time of AAA diagnosis, were controlled for using multivariable linear regression.
Model 2dMultivariate mixed-effects model. A multivariate mixed-effects model with random slope and intercept was used to fit the yearly AAA growth rate. 12 Maximum likelihood estimates and unstructured covariance were used to account for the varying intervals between radiographic examinations and number of scans per patient. Baseline demographics including, age, ethnicity, comorbidities, and medication use at time of AAA diagnosis were incorporated using an interaction term with time.
Comorbidities and medication
Patients' demographic information at the time of AAA diagnosis was collected using outpatient ICD-9-associated codes. These data included the patient's age, gender, ethnicity, and relevant comorbidities. Outpatient diagnosis codes were collected, and a Charlson Comorbidity Index was created to calculate 17 comorbidity categories according to ICD-9 codes. 13 Active smoking status at the time of AAA diagnosis was queried using a three-category smoking algorithm and investigated further with ICD 
Statistical analysis
Data analysis was performed in Stata 14 (StataCorp LP, College Station, Tex). Descriptive statistics were used to evaluate baseline demographics and comorbidities. The primary analytic variable was the difference in growth rates between those patients with a prescription of metformin and those without. Significance was determined at the P < .05 value. All data were reported as the mean 6 standard deviation, unless otherwise specified.
RESULTS
The entire cohort was composed of 13,843 remaining patients with 58,833 radiographic records (55.4% ultrasound, 43.3% CT, 1.3% MRI). The median number of radiographic studies per patient was 4 (range, 2-23; interquartile range, 2-5). The subcohort (AAA diameter at baseline, 3.5-4.9 cm) was composed of 7462 patients and 33,418 radiographic studies (53.2% ultrasound, 45.6% CT, 1.2% MRI; Fig 1) .
The mean imaging follow-up interval of the entire cohort was 4.2 6 2.6 years. The average age of the patients at time of AAA diagnosis was 69.8 6 7.8 years, and the average baseline AAA diameter was 38.0 6 7.1 mm. Other demographics and comorbidities of the patients are seen in Table I . Metformin was prescribed to 39.7% of patients around the time of AAA diagnosis. Other prescribed medications are noted in Table II . The overall mean yearly AAA growth rate was calculated to be 1.4 6 2.0 mm/y in model 1 and 1.3 6 1.6 mm/y in model 2. AAA growth rates according to starting diameter and radiology follow-up are displayed in the Supplementary Fig (online only) . The unadjusted mean AAA growth rate was 1.2 61.9 mm/y for patients prescribed metformin compared with 1.5 6 2.2 mm/y for those without; metformin prescription was associated with a 20% reduction in growth rate. The distribution of yearly growth rates stratified by metformin use is seen Fig 2. When adjusting for comorbidities, metformin decreased the yearly AAA growth rate by À0.23 mm/y (95% confidence interval [CI], À0.35 to À0.16; P < .001) by model 1 analysis and 0.20 mm/y (95% CI À0.26 to À0.14; P < .001) by model 2 analysis.
Factors increasing yearly AAA growth rates on both models included baseline AAA size, active smoking, chronic obstructive pulmonary disease, chronic renal disease, and metastatic solid organ tumors. In addition to metformin, factors associated with reduced AAA growth rates included diabetes with complications and prescriptions for sulfonylureas or ARBs (Table III) . Medications included in the regression that were not significantly associated with AAA growth rates are displayed in Supplementary Table III (online only) .
In the subcohort (starting AAA size, 35-49 mm), the unadjusted mean growth rate was 1.4 6 2.0 mm/y for patients with a metformin prescription compared with 1.7 6 2.2 mm/y for those without, an 18.4% decrease in yearly growth rate. Adjusted for comorbidities, metformin decreased the yearly AAA growth rate by À0.27 mm/y (95% CI, À0.38 to À0.16; P < .001) by model 1 analysis and 0.21 mm/y (95% CI, À0.30 to À0.12; P < .001) by model 2 analysis.
DISCUSSION
Although AAA and cardiovascular disease share many common risk factors, 15, 16 the paradoxical relationship between diabetes mellitus and AAA disease remains controversial and poorly understood. 17, 18 In the VAbased Aneurysm Detection and Management (ADAM) trial, a concurrent diagnosis of diabetes reduced the average yearly growth rate of AAA (2.6 mm/y) enlargement by 42%. 19, 20 In the UKSAT trial, AAA enlargement in diabetics was reduced by roughly 30% compared with nondiabetics (2.6 mm/y). 8 In this study, the average yearly enlargement rate for diabetic patients (w1.3 mm/y) was approximately 50% of that reported in the previous two studies, in populations in which only a small fraction of the patients were diabetic, providing further support for the hypothesis associating diabetes with AAA suppression. This study demonstrates additionally, for the first time in a population-based study, that metformin prescription is associated with an additional reduction in AAA enlargement rate beyond that associated with the presence of diabetes itself. 5, 6 Prescriptions for both ARBs and sulfonylureas were also associated with significant reductions in rates of AAA enlargement, although somewhat lower in magnitude than that evident with metformin (Table III) . Importantly, the ARB effect was not mirrored by patients taking angiotensin-converting enzyme inhibitors. Extensive clinical and experimental evidence links angiotensin biology to AAA pathogenesis, 21 and a clinical trial testing the ability of telmisartan to suppress AAA enlargement recently completed enrollment and is pending final data analysis. 22 The broad application of ARBs in hypertension management, however, has substantially limited the pool of eligible, ARB-naive participants for AAA-related clinical trials, making this hypothesis difficult to test in practice. At least one population-based retrospective study has previously identified a negative association of sulfonylureas prescription and AAA prevalence in diabetic patients, although no information was available about influence on diameter enlargement in existing AAAs. 7 Despite >60 years of worldwide use, the exact mechanism of action of metformin in diabetes management remains incompletely understood. 23 Metformin, an adenosine monophosphate-activated protein kinase agonist and a weak inhibitor of the mitochondrial electron transport chain, increases intracellular concentrations of adenosine monophosphate, which in turn lowers blood glucose concentration, enhances insulin sensitivity, and favorably modifies serum lipid profiles in diabetics. In cardiovascular diseases, accumulating evidence suggests that metformin suppresses reactive oxygen species production, proinflammatory nuclear factor kB activity, mammalian target of rapamycin pathway, autophagy, and mural angiogenesis 5, [24] [25] [26] irrespective of diabetes status. 27 To our knowledge, this study is the first to use national VA data to examine longitudinal AAA diameter changes and associations within this population of patients. The VINCI infrastructure allows long-term analysis of VA patients nationwide, with follow-up extending to 15 years. The high prevalence of diabetes in the VA population of AAA patients allows analysis of risk factor and demographic influences on AAA enlargement in diabetic patients, a population previously difficult to study. Given the relative under-representation of women in this data set as well as other VA-specific demographics and associated risks, external validation in non-VA populations should be performed before these findings are extrapolated beyond the population of veteran patients. This study has additional limitations that warrant further discussion. As no standardized clinical protocols exist for measuring and reporting aortic diameters in AAA disease, variation across modalities 28, 29 and individual radiologist's interpretation methods may limit accuracy and precision in aggregated reports. Because our study methodology did not provide access to source images, AAA diameter data derived from clinical reports could not be independently verified. However, interobserver differences exist in all AAA diameter measurements, 30, 31 and all reports evaluated in this study were performed by radiologists. A second limitation related to the inability to stratify AAA results on the basis of laboratory values or duration of diabetes mellitus in affected patients. The presence of diabetic complications as identified by ICD-9 coding was associated with a further decrease in yearly AAA growth, however, providing indirect insight into this relationship. Furthermore, we simplified our model to assume that metformin prescription status, along with other medications and comorbidities, including smoking status, did not change during the follow-up period. Finally, insulin prescription status was not evaluated as previous studies did not find a similar protective effect associated with insulin use in diabetic patients.
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CONCLUSIONS
In a nationwide analysis of diabetic VA patients, prescriptions for metformin, ARBs, and sulfonylureas were associated with decreased AAA progression. The rate of AAA enlargement in diabetic patients overall was significantly less than that previously reported in predominantly nondiabetic populations. Prospective testing is needed to validate the efficacy of metformin in limiting AAA disease progression in patients regardless of glycometabolic status.
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